Stroke is one of the leading causes of death. Growing evidence indicates that ketone bodies have beneficial effects in treating stroke, but their underlying mechanism remains unclear. Our previous study showed ketone bodies reduced reactive oxygen species by using NADH as an electron donor, thus increasing the NAD + /NADH ratio. In this study, we investigated whether mitochondrial NAD + -dependent Sirtuin 3 (SIRT3) could mediate the neuroprotective effects of ketone bodies after ischemic stroke. We injected mice with either normal saline or ketones (beta-hydroxybutyrate and acetoacetate) at 30 minutes after ischemia induced by transient middle cerebral artery (MCA) occlusion. We found that ketone treatment enhanced mitochondria function, reduced oxidative stress, and therefore reduced infarct volume. This led to improved neurologic function after ischemia, including the neurologic score and the performance in Rotarod and open field tests. We further showed that ketones' effects were achieved by upregulating NAD + -dependent SIRT3 and its downstream substrates forkhead box O3a (FoxO3a) and superoxide dismutase 2 (SOD2) in the penumbra region since knocking down SIRT3 in vitro diminished ketones' beneficial effects. These results provide us a foundation to develop novel therapeutics targeting this SIRT3-FoxO3a-SOD2 pathway. ΔΔ P o0.01 versus respective rotenone doses. (B) Bioluminescence was measured to represent cellular adenosine triphosphate (ATP) concentration. Neurons were exposed to ketones, nicotinamide or the combination for 48 hours. **P o0.01 versus baseline, ΔΔ Po 0.01 versus nicotinamide. (C) Primary neuronal cells were transfected by a lentivirus encoding shRNA or SIRT3 cDNA sequence. Cell viability was assessed in cells treated with rotenone, ketones, or both. **Po 0.01 versus Vector; ΔΔ Po 0.01 versus ketones; ## P o0.01 versus Rot 0.1μmol/L+ ketones. Proteins levels of SIRT3 (D), forkhead box O3a (FoxO3a) (E), and superoxide dismutase 2 (SOD2) (F) in neurons treated with ketone or shRNA or the combination were plotted. *P o0.05 versus vector, **P o0.01 versus vector; ΔΔ Po 0.01 versus ketones. All data were presented as mean ± s.e.m., n = 8 per group.
INTRODUCTION
Stroke is the second leading cause of death and a leading cause of disability worldwide. 1 Recombinant tissue plasminogen activator has been approved for acute stroke treatment but only 10% of patients can benefit from it. 2 Even after blood flow is restored, reperfusion is surprisingly associated with an exacerbation of tissue injury. 3 Thus, it remains an urgent need to find a novel therapy that helps not only ischemia but also reperfusion injury. 3 Pathologically, the burst generation of reactive oxygen species (ROS) by mitochondria has a critical role in initiating cell death after ischemia and reperfusion. 3, 4 Mounting evidence suggests that ketogenic pathway can improve clinical outcomes after stroke, 5 but the precise mechanism remains unclear. Two main ketone bodies, beta-hydroxybutyrate (BHB) and acetoacetate (ACA) which we named ketones, are generally regarded as energy carriers. 6 Ketones are consumed by the brain as a main source of energy source when glucose is limited. 7 Our previous in vitro data showed that ketones decreased the NADH level when neurons were subjected to glutamate excitotoxicity. When NADH converts into NAD + , it donates electrons and can be used as a reducing agent to reduce ROS, thus attenuating glutamate excitotoxicity. 8 Sirtuin 3 (SIRT3) is located within mitochondria and is NAD + dependent. It reduces cellular ROS levels by activating superoxide dismutase 2 (SOD2), which converts toxic superoxide radicals into ordinary oxygen or less toxic hydrogen peroxide. 9 It can also activate the forkhead box O3a (FoxO3a) and catalase to reduce ROS. 9, 10 However, it is unclear the interaction between ketones and SIRT3 and the roles they play in ischemic stroke. In this study, we hypothesize that SIRT3 medicates ketones' neuroprotective function against ischemic stroke.
MATERIALS AND METHODS Animals
Three-month-old 129/SvJ male mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). All mice were housed in a temperature and humidity controlled vivarium, kept on a 12-hour dark/light cycle, with free access to food and water. All experimental procedures were approved by the Institutional Animal Care and Use Committee of the Barrow Neurological Institute and performed according to the Revised Guide for the Care and Use of Laboratory Animals (USA government) and with the ARRIVE guidelines.
Mice were divided into two groups: ischemia+normal saline (NS group, n = 12) and ischemia+ketone treatment (ketones group, n = 9). Mice in the ketones group were given ketones (BHB, 0.4 mmol/kg and ACA 0.45 mmol/kg, 100 μL/20 g) subcutaneously at 30 minutes after ischemia. The injection was repeated every hour subsequently for a total of seven doses. Mice in the NS group were give 0.9% NS (100 μL/20 g) as a placebo.
Middle Cerebral Artery Occlusion Model
Mice were subjected to a 90-minute ischemia (occlusion-reperfusion) by middle cerebral artery (MCA) occlusion. 11 The mouse was anesthetized and prepared in a sterile manner. Its neck area was exposed to allow a 6-0 nylon monofilament inserted into the right internal carotid artery. The suture blocked the bifurcation of the right internal carotid artery and MCA to achieve occlusion. After the 90-minute occlusion, the suture was removed to allow reperfusion. Successful occlusion was verified by cerebral blood flow (CBF) map and T2-weighted imaging using a 7-Tesla (7T) magnetic resonance imaging (MRI).
Evaluation of Neurologic Function
Three tests were used to assess the neurologic function before and after ischemia. The tests were scored by an examiner who was blinded to the treatment for each animal.
Neurologic score. It is commonly used in a grading system: 0 = no deficit; 1 = forelimb weakness; 2 = circling to affected side; 3 = partial paralysis on affected side; 4 = no spontaneous motor activity.
Rotarod test. Mice were placed on an elevated rod (Rotarod rod apparatus, IITC life Science, Woodland Hills, CA, USA) from a starting speed of 5 r.p.m./min to a top speed of 40 r.p.m./min for four trials per day x 2 days. The latency to fall from the rod was recorded for each trial. 12 Open field test. Mice were placed in a testing chamber. Their activity was tracked by the Activity Monitor software. The time of each testing session was 30 minutes. The total travel distance was calculated.
Magnetic Resonance Imaging Analysis
The 7T MRI designed for small animals was used to acquire T2-weighted images with a multi-shot spin-echo EPI sequence as described previously. 11, 13 Apparent diffusion coefficient images were acquired with a rapid acquisition relaxation enhanced sequence with 29 slices. The CBF maps were acquired by a continuous arterial spin labeling method. The MRI technician was blinded to the treatment. The direct infarct area, ipsilateral half brain, and contralateral half brain were manually traced and measured separately in each infarct brain slice using Image J. The total direct infarct volume (DIV), total ipsilateral half brain volume (IBV), and total contralateral half brain volume (CBV) were calculated by the formula: Volume = Area (slices with infarcts) × 0.01 mm 2 × 0.5 mm, 14 individually. Edema can distort the infarct volume. [15] [16] [17] It is known that the two half brain volumes should be the same under health condition and there is no significant swelling change in ipsilateral noninfarct area. Thus, the true infarct volume (corrected infarct volume, CIV) can be calculated by the formula: CIV = CBV − (IBV − DIV). We noted that the inherent technical difficulties in delineating the penumbral zone and ischemic core precisely even high-resolution MRI were used to detect perfusion-diffusion mismatch.
Mitochondrial Complex I and Complex II Activity Test
Mitochondria were isolated from the penumbra, and the activities of complex I and complex II were tested. 18 Mitochondrial suspension was mixed with MitoXpress probe solution from MitoXpress fluorescence oxygen probe kit supplemented (Luxcel Biosciences, Cork, Ireland) by either 10% mitochondrial complex I substrates or 10% mitochondrial complex II substrates. The probe fluorescence intensity was recorded immediately using a TECAN infinite M200pro reader (Tecan, Männedorf, Switzerland). The mitochondrial function kinetics was represented as MitoXpress fluorescence intensity time series, which was fitted with a Boltzmann equation using GraphPad Prism4.0 (GraphPad, La Jolla, CA, USA). The person who input the data of this and following tests was blinded to the treatment.
Protein Oxidation Test
After mitochondria were isolated from the penumbra, 20 μg mitochondrial protein was collected to measure oxidation using OxyELISA Oxidized Protein Quantitation Kit (Millipore, Billerica, MA, USA) according to the manufacturer's protocol. The DNP-derivatized protein was separated by electrophoresis followed by western blotting. The blot membrane was then incubated with primary antibody, specific to the DNP moiety. This step was followed by incubation with goat IRDye 800CW secondary antibody (LI-COR, Lincoln, NE, USA). Immunoreactivity was detected and quantified using Odyssey CLx (LI-COR).
NAD + and NADH Measurement
Brain tissues were collected from ischemic core, penumbra, and contralateral area. NAD + , NADH, and their ratio were detected by using the NADH/NAD Quantification Kit (ab65348, Abcam, Cambridge, MA, USA) according to the manufacturer's protocol.
Western Blotting
Brain tissues from the penumbra were collected, weighted, and homogenized in a fresh cold buffer (total tissue proteins) or a mitochondrial isolation buffer (total mitochondrial proteins). Forty micrograms of total tissue protein or total mitochondrial protein were used for western blotting. Antibodies used were the following: anti-SIRT3 (Cell Signaling, Danvers, MA, USA), anti-FoxO3a, anti-SOD2, anti-Catalase, anti-β-actin (Santa Cruz, Dallas, TX, USA), anti-VDAC1 (Abcam), and IRDye 800CW and IRDye 680CW antibodies (LI-COR). For in vitro studies, all steps were kept the same except they were run on a 96-well plate. Immunoreactive signals were quantified using Odyssey CLx. Protein levels were presented relative to β-actin or VDAC1, a mitochondria housekeeping protein.
Intracellular Adenosine Triphosphate Assay
Intracellular adenosine triphosphate (ATP) concentration was measured using the ATP Bioluminescence Assay (Roche Applied Science, Indianapolis, IN, USA). Cells were plated in 96-well plates and treated for the WST-1 assay. After treatment, the media were aspirated, and the cells were lysed with cell lysis reagent (100 μL/well). It was shaken for 10 minutes at room temperature and triturated repeatedly. The samples were centrifuged at 1,500 g for 5 minutes at 4°C before analysis of ATP in supernatants, with a tube luminometer (Sirius; Berthold Detection Systems, Oak Ridge, TN, USA). Sample protein contents were measured using the BCA protein assay (Pierce, Rockford, IL, USA).
Sirtuin 3 Vector Construction and Transfection
Sirtuin 3 was overexpressed or knocked down for in vitro experiments. 18 We subcloned exogenous mouse SIRT3 cDNA sequence into Lenti-CMV-GFP vector to overexpress SIRT3. A short sequence of 19 nucleotides targeting SIRT3 location 764 was constructed into OmicsLink small hairpin RNA (shRNA) expression clone to knock down the expression of SIRT3. The shRNA vector, Lenti-SIRT3 vector, and a control vector were packaged into third-generation Lenti-Virus transfection system. After the cortical neurons matured in petri dishes for 10 days, we added the transfecting viral particles at a multiplicity of infection of 250. All vectors contained sequence of eGFP so they could be visualized after adding the virus particles for 4 days. The level of knockdown and overexpression was confirmed by western blot.
Cell Culture
Primary cortical cultures were prepared from new-born mouse pups according to standard procedures 19 with minor modifications. Cortical neurons were plated on poly-D-lysine coated glass coverslips in Neurobasal media supplemented with 0.5% (w/v) L-glutamine, 1% Penicillin-Streptomycin, 5% fetal bovine serum, and 2% B27 supplement (Invitrogen, Grand Island, NY, USA). The medium was partially replaced every 4 days. Cultured neurons were usually matured and could be used for experiments after 14-day incubation.
Statistical Analysis
Data were expressed as mean ± s.e.m. Unpaired Student's t test was used for comparison between two groups, while one-way analysis of variance (ANOVA) for multiple groups to determine the significance of the difference. Mann-Whitney U test was used for nonparametric data (such as neurologic scores). Po 0.05 was considered as significant using SPSS version 10 for windows (IBM, Armonk, NY, USA).
RESULTS

Ketones Improved Neurologic Function by Reducing Infarct Volume
To assess ketones' effects in focal ischemia, we used the combination of BHB and ACA at the ratio of 0.4:0.45. We chose this ratio to mimic natural occurring ketone bodies. Ketone bodies have a third component acetone, which is too volatile to use for injection. Ketones have a half-life of an hour, so we repeated injection every hour to achieve a steady concentration in the blood. Ketones showed improvement in neurologic function at 24 hours after ischemia (Figure 1 ). The neurologic score is an assessment of paralysis where the lower score represents less paralysis. It was better in the treatment group (1.44 ± 0.21 ketones versus 2.60 ± 0.21 NS, Figure 1A ). We used Mann-Whitney U test to compare the mean rank while presented mean score in the figure for clarity. Rotarod test is used to assess motor ability where the longer latency to fall represents better motor function. 20 There was no difference before ischemia (113.2 ± 8.3 seconds NS versus 115.8 ± 11.9 seconds ketones). At 24 hours after ischemia, the latency to fall decreased in both groups, but to a much lesser degree in the treatment group (91.7 ± 6.7 seconds versus 69.0 ± 7.2 seconds NS, Figure 1B) . The open field test is commonly used to test rodents for general locomotor activity and willingness to explore new areas. The total travel distance was not different in the two groups before ischemia. After ischemia, although both groups traveled less distance than their baseline, the treatment group traveled and explored far more distance than the control group (390 ± 111 cm ketones versus 108 ± 58 cm NS, Figure 1C ). Noteworthy, two mice from the NS group died after stroke (mortality rate 2/12) while none of the ketones group died. We reached significance in statistics even when we excluded the two deceased mice from the NS group.
After behavior testing, we used 7T small animal MRI to measure the infarct volume at 24 hours after ischemia. Ketones group showed a reduction of 38.7% in infarct volume (Figures 2A  and 2C) . The diffusion and perfusion deficit detected by apparent diffusion coefficient and the CBF maps showed a mismatch which approximates ischemic penumbra (the area between the solid line and the dashed line in Figures 2D and 2E ). Ketone treatment apparently salvaged the penumbra area (28.5 ± 2.3 mm 3 ketones versus 17.7 ± 2.4 mm 3 NS, Figure 2F ). We focused on the penumbra area in the following studies since it was the area where ketones showed the most protective effects.
Ketones Enhanced Mitochondrial Complex I Activity and Reduced Protein Oxidation
Because ketones are involved in energy metabolism, we examined mitochondrial complex I and complex II function in the penumbra The perfusion areas were traced in black lines, the diffusion area in red lines. The penumbra is the area in between. (F) The penumbra volume in both groups was plotted. Data were presented as mean ± s.e.m., n = 10 in NS group, n = 9 in Ketones group, **P o0.01 compared with NS group.
and found an enhanced activity with ketone treatment in complex I ( Figures 3A and 3B) but not in complex II (Figures 3C and 3D ). The amplitude of complex I activity in the ketones group was 70% higher than the NS group (337.2 ± 26.1% versus 199.3 ± 16.2%, Figure 3B ). Since mitochondria are the main source of ROS, which directly causes protein oxidation, 4 we examined it in the penumbra. Consistently, ketones reduced protein oxidation by 56% (44.2 ± 4.7% ketones versus 100.0 ± 7.4% NS, Figures 3E and 3F ).
Ketones Increased NAD + /NADH, Sirtuin 3, Forkhead Box O3a, and Superoxide Dismutase 2 Expression in the Penumbra NAD + is involved in redox reactions, carrying electrons from one reaction to another. Ketones increased the ratio of NAD + /NADH in all three areas in the low to high order: the ischemic core, the penumbra, and the contralateral side ( Figures 4A and 4C) . Sirtuin 3 is an NAD + -dependent deacetylase. Forkhead box O3a and SOD2 are two main substrates of SIRT3. 21 We examined the total protein levels of SIRT3 and FoxO3a from homogenates in the penumbra. Ketones increased SIRT3 (79.0 ± 7.2% ketones versus 53.7 ± 5.5% NS) and FoxO3a levels (66.0 ± 7.8% ketones versus 36.7 ± 2.6% NS) ( Figures 5A and 5C ). Because SIRT3 and SOD2 target the mitochondria, we isolated mitochondria from the penumbra. Both were increased by ketones (SIRT3: 235.9 ± 12.1% ketones versus 172.1 ± 7.6% NS; SOD2: 152.8 ± 6.2% ketones versus 113.6 ± 7.0% NS group, Figures 5D and 5F ).
Sirtuin 3 Medicated the Neuroprotective Effects of Ketones
Because ketones' protective effect is on mitochondrial complex I and SIRT3 is a mitochondrial protein, we investigated the interaction of ketones and SIRT3 in mitochondria. Rotenone is a mitochondrial complex I inhibitor. We applied it to primary neuronal culture to mimic conditions in which mitochondria are compromised. Rotenone showed cytotoxicity in a dose-dependent pattern ( Figure 6A) . At low dose of rotenone (0.01 μmol/L), ketones actually increased cell proliferation by 39.0%. When rotenone was increased to 0.1 μmol/L, ketones exerted its neuroprotection to maintain cell integrity. Further increase in rotenone (1 μmol/L) saw ketones still being able to attenuate cytotoxicity by 23.6% ( Figure 6A ). Adenosine triphosphate is continuously regenerated from ADP to supply energy for cell proliferation. We measured ATP levels in primary neurons exposed to either ketones or nicotinamide, a broad-spectrum sirtuin inhibitor, for 48 hours ( Figure 6B ). We found that nicotinamide reversed the ketone-induced increase in ATP levels by 27.5 ± 2.6%, suggesting that SIRT3 is a potential mediator. Consistently, overexpression of SIRT3 increased neuronal survival to 148%, whereas shRNA knocked down SIRT3 and reduced neuronal survival to 76% ( Figure 6C ). Small hairpin RNA not only reduced ketone-induced cell proliferation, but also weakened ketones' protective effects against rotenone ( Figure 6C ). Furthermore, ketones increased protein levels of SIRT3, FoxO3a, and SOD2, whereas shRNA caused a reduction in them and mitigated ketone-induced increase ( Figures 6D and 6F ).
DISCUSSION
In this study, we have found that SIRT3-FoxO3a-SOD2 pathway mediates the neuroprotective effects of ketones to enhance mitochondrial complex I activity and to reduce oxidative stress that in turn leads to a reduction in infarct volume and an improvement of neurologic function. Ischemic stroke disrupts CBF to reduce oxygen and glucose supply to affected areas that lead to mitochondrial dysfunction and oxidative stress. Ketone is reported to increase global CBF. 22, 23 Our study on the CBF map showed that ketone increased perfusion to salvage the penumbra area and its effect lasted for at least 24 hours after ischemia. Within minutes after ischemia occurred, the core of ischemic area is fatally damaged and subsequently undergoes necrosis. Although the penumbra is under the threat of irreversible damage, it is potentially salvageable. 24, 25 The volume of penumbra that escapes infarction is correlated with the extent of spontaneous neurologic recovery. 26 Consistently, we found that ketones saved the penumbra to improve the clinical outcomes.
Our previous in vitro study indicated that ketones enhanced complex I activity and increased mitochondrial NAD+/NADH ratios. 8, 27 Complex I is the first enzyme of the respiratory chain and has a central role in cellular ROS production. 28 Complex I activity is suppressed during ischemia so enhancing its activity is a potential treatment strategy. 29, 30 In this in vivo study, we found ketones improved mitochondrial complex I activity in the penumbra. To restore the mitochondrial function in the penumbra, ketones save it from irreversible damage as evidenced by the reduction in infarct volume.
Sirtuin 3 is synthesized in the nucleus but exerts its function mainly within mitochondria. 31, 32 It enhances the activity of FoxO3a 33 and SOD2. 9, 34 Forkhead box O3a is an important mediator for apoptosis. 35 Sirtuin 3 might directly regulate FoxO3a, which in turn regulates cell response to oxidative stress against ROS. 33 further converted into water. Sirtuin 3 can enhance the ability of SOD2 to scavenge ROS. 34 Although SIRT1 was shown to protect ischemia by inhibition of p53-induced apoptotic pathway, 36 there is no study on the role of SIRT3 in ischemic stroke. In this study, we found ketones upregulated SIRT3, FoxO3a, and SOD2 in the penumbra after ischemia, implying these three interact with each other in salvaging the penumbra. In vitro experiments showed that overexpression of SIRT3 improved cell survival while knocking down SIRT3 diminished neuroprotective effects of ketones, suggesting that SIRT3 is an essential part on complex I for ketone to exert its neuroprotection. In addition, knocking down SIRT3 reduced the levels of Fox3a and SOD2 that were enhanced by ketones. This further suggests that SIRT3-FoxO3a-SOD2 is an integral complex to mediate ketone's protective effects against ischemia. Taken together, our research supplements the growing literature that ketone protects against ischemia. We provide further evidence to reveal a novel SIRT3-FoxO3a-SOD2 pathway as the underlying mechanism. It sheds light on developing novel therapeutics targeting this pathway.
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